Instead of titanium dioxide (TiO 2 ), many researches have been done to explore the compatibility of zinc oxide (ZnO) to be used as the active layer of memristor. In this study, an Au/ZnO-Cu 2 O-CuO/Cu memristor was fabricated using dilute electrodeposition and subsequently thermal oxidation. The XRD result indicates that Zn was oxidized to ZnO and has a wurzite structure while copper (Cu) substrate was also oxidized to copper (I) oxide (Cu 2 O) and copper (II) oxide (CuO). The surface morphology of ZnO shows the formation of needle-like structure on the surface after the thermal oxidation process. 15 s deposited ZnO-Cu 2 O-CuO gave the thinnest film of 81 nm with largest value of resistance difference of 14.11 k³ and resistive switching ratio of 3.76. Empirical study on thermodynamics of metal oxides and diffusivity of Zn 2+ and O 2¹ in ZnO shows that the structure is formed due to the difference of diffusivity of each species during the thermal oxidation process. The synthesized Au/ZnO-Cu 2 O-CuO/Cu memristor shows a potential application in production of a non-complex and low cost memristor.
Introduction
The current memory technologies such as DRAM, SRAM, and NAND flash are facing development limits due to the shrinking size of memory devices from micro order to nano order. 1) Theoretical and experimental evidence exhibit that the memristor (memory resistor), a fourth fundamental element found by Chua in 1971 2) can be a possible answer to the problems encountered when designing electronic devices at nano scale. Non-volatile memory type memristor have the advantages of fast switching speed and better efficiency compared to current memory devices. Its switching power consumption can be 20 times smaller than flash memory. 2, 3) In 2008, Strukov et al. and Williams have successfully demonstrated a physical memristor using TiO 2 as an active layer. Both Chua and William et al. have proven that a memristor can be made through a phenomenon known as bipolar resistive switching which is mostly found in transition metal oxides (TMOs). 2, 4, 5) Previous researches found out that the TMOs like TiO 2 , 68) ZnO, 9, 10) NiO, perovskite oxides, 11) Cu 2 O 12) and other materials have the ability to create the memory effect behaviors when used as the intermediate active layer of memristor.
ZnO is one of the few metal oxides that can be grown at deposition temperatures as low as room temperature, 13) on various amorphous 14) substrates. Sauki et al. 15) have successfully deposited nano-particle sized ZnO using radio frequency (RF) sputtering method at low temperature. Our research group has successfully fabricated thin film ZnO memristor using a much simpler electrodeposition method. By optimizing the parameters, we are able to control the crystalline structure of ZnO. 10) The focus of this research is to add further knowledge about memristive properties of ZnO and its possible application as a memristor device using electrodeposition method. There are various reports on the fabrication of ZnO thin film by this method. 10, 1618) Electrodeposition becomes attractive due to its simplicity which can be done under ambient condition. It has a big advantage in fabricating thin layer of nanostructure which is very crucial in the making of a memristor. The other advantages are simple, low cost, large area and high growth deposition rate. 19) In this work, we investigated the effect of electrodeposition parameters on the formation of ZnO thin film using dilute concentration of the zinc chloride (ZnCl 2 ) solution.
Experimental Procedure
ZnO films were cathodically deposited onto Cu substrate from a very dilute deposition bath of 0.005 M ZnCl 2 (aq). In preparing the bath, 13.65 g of ZnCl 2 (s) (Ajax Finechem, 95%) was dissolved in 100 ml of distilled water to produce stock solution of 1 M ZnCl 2 (aq). Then, it was diluted to 0.005 M of concentration.
The Cu foil was cut into 30 mm © 20 mm dimension before it was polished to remove the oxide layer. Then, it was cleaned in ultrasonic cleaner (Branson 3510) for 10 min before rinsed with acetone, ethanol and followed by distilled water.
Copper foil (working electrode) and platinum foil (counter electrode) were used as the terminal plates, while (Ag/AgCl) was the reference electrode in three-electrode deposition mode using AUTOLAB Potentiostat (PGSTAT302N). The total time for deposition varied from 15 to 120 s. A fixed 2.0 V direct current voltage was applied. Figure 1 shows the setup of the cell and the schematic diagram of the electrodeposition process.
Both terminals were clamped in the electrolytic cell holder. Thus, their distance was fixed to 20 mm throughout the experiment. The exposed surface area of Cu substrate for deposition was 113.1 mm 2 . The holder was made from acrylic because its inertness with the ZnCl 2 (aq). The resultant Zn/ Cu was rinsed with distilled water for several times and some of the samples were taken for characterization before proceeding to thermal oxidation method.
Thermal oxidation method was chosen to oxidize the deposited Zn to ZnO because it was simple and cheap technique. 20) The Zn/Cu samples undergo the heat treatment process at heating rate of 10 K/min and constant temperature of 773 K for 15 min in Modutemp model KS158EVM conventional furnace and then normalized to room temperature (RT).
The characterization of the sample was performed using XRD (SHIMADZU XRD-6000) with Cu K¡ source (0.15406 nm) which was operated at scanning rate 0.5°/min for a 2ª range from 20°to 80°. The morphology of ZnO was examined by a FESEM (JEOL JSM-6700F). The film thickness was measured from cross section of the sample mounted in resin (Mecaprex KM-U, Presi) using FESEM (Hitachi SU8000).
Gold coating on top of the deposited ZnO thin film was conducted in auto fine coater (JEOL JFC-1600) to create an Au/ZnO-Cu 2 O-CuO/Cu sandwich structure of the memristor device as part of another metal contact between the insulators. The I-V measurements were taken using 2-point probe connected to AUTOLAB Potentiostat (PGSTAT302N) at room temperature (RT) as shown in the 5 . This infer that surface reaction is the rate determining steps of the oxidation process. Figure 6 illustrated the surface morphology of Zn structures synthesized at 15 s before and after thermal oxidation process. Figures 6(a) , (b) exhibits the granular shape of small pallet structure of Zn deposited right after the electrodeposition. After the thermal oxidation process, the surface morphology ZnO changed with the increased of granular shape structure size and the formation of the needle like structure on the surface shown in Fig. 6(c), (d) . Figure 7 illustrates the typical I-V characteristic of memristor based on the Au/ZnO-Cu 2 O-CuO/Cu sandwich with different deposition time. The result shows a pinched hysteresis loop which is characteristic of a memristor. It is a bipolar resistive switching because the directional resistance depends on the polarity of the applied voltage.
Surface morphology SEM image

I-V measurements
11) The existence of resistive switching characteristic could be seen from the changes of current due to changes of resistance from high resistance state (HRS) to low resistance state (LRS) from the curve. The metal and oxygen vacancy defects inside the transition metal oxide of the active layer gives significant effect to the for memristive behavior of the memristor. The details will be discussed in next sub-section of 3.6.
The size of hysteresis loop decreased with the increase of the deposition time. 15 s of deposition time gave the biggest hysteresis loop with the smallest thickness of the deposited ZnO thin film, 81 nm. Thus, the thinner size of thin film causes higher difference between high resistance state (HRS) and low resistance state (LRS) of 14.11 k³, as well as a higher HRS/LRS ratio of 3.76 presented in Fig. 8(a) and (b) respectively, which is preferable for the application of memristor. The exponential curve plotted in Fig. 8(b represents the relationship that as the deposition time increases the HRS/LRS ratio gets smaller. Also it should be noted that the film grows thicker with increasing the deposition time. Good switching characteristic depends on the high HRS/LRS ratio, which shows the ability of holding a state at zero bias and clearly distinct two boundary states to be read by a voltage signal. 24) It can be concluded that the thinner the memristor thin film gets, greater resistive switching ratio could be obtained which leads to higher memristance of the memristor.
Metal oxide oxidation thermodynamics
The Gibbs reaction energy change could be expressed as a function of reaction constant, k;
Where ¦G is Gibbs reaction free energy change, ¦G°is standard Gibbs reaction free energy change, R is ideal gas constant (8.314 J K ¹1 mol ¹1 ) and T is thermodynamic temperature (K).
At equilibrium, ¦G = 0;
Reaction constant, k could be expressed as a function of compound chemical's activity, a where subscript of ZnO, Zn denotes each component activity and P O 2 is the oxygen partial pressure.
Relationship between ¦G°and P O 2 could be rewrite as below;
In solid phase, a ZnO and a Zn are assumed to be unity. By rearranging eq. (6), the oxygen partial pressure could be expressed as a function of ¦G°of respective reaction;
The standard Gibbs free energy change of oxidation process and its equilibrium oxygen partial pressure for ZnO, Cu 2 O and CuO at 773 K were extrapolated based on the Barin Ihsan's thermochemical data 25, 26) at 700 K and 800 K and were calculated using above equation respectively.
At 773 K, the ¦G°for ZnO has the lowest value of ¹272.75 kJ/mol compared to Cu 2 O and CuO. Based on ¦G°, calculated oxygen partial pressures for each transition metal oxide (TMO) were tabulated in Table 1 . It shows that in ambient furnace condition all the oxides ZnO, Cu 2 O and CuO are thermodynamically stable. Thus, it justified the result of XRD. The values of P O 2 for all TMOs are in the order of P O 2 ðZnOÞ < P O 2 ðCu2OÞ < P O 2 ðCuOÞ . As a result of the difference in Gibbs free energy values, the formation of ZnO layer will come first followed by formation of Cu 2 O and CuO layers. It is illustrated in the Fig. 9 where ZnO will easily oxidize on top of other layers as it only needs small oxygen partial pressure (P O 2 % 10 À37 atm) to react compared to other oxides. After deposited Zn is completely oxidized into ZnO, The formation of the needle-like structure of ZnO on the surface structure is caused by the diffusion of Zn 2+ which is greater than the diffusion of O 2 . The new metal oxide of ZnO formed on the surface of the metal illustrated in the Fig. 10 . We speculates that the difference in solid state transports between anion and cation during the thermal oxidation assist the formation of vacancies in the ZnO. The ability of memristor to be used as memory device to store a data rely on the existence of these vacancies in ZnO active layer. However, further experiments are required to validate above claim.
Conclusion
An Au/ZnO-Cu 2 O-CuO/Cu memristor was successfully fabricated by dilute electrodeposition and thermal oxidation method. The average thickness of ZnO-Cu 2 O-CuO thin film of 81 nm was obtained at deposition time 15 s. The deposited thin film thickness increased directly with the deposition time. The high value of calculated Gibbs free energy, ÁG ðZnOÞ > ÁG ðCu2OÞ > ÁG ðCuOÞ and smallest oxygen partial pressure, P O 2 ðZnOÞ < P O 2 ðCu2OÞ < P O 2 ðCuOÞ needed for oxidation at 773 K shows that the formation of ZnO at the outer layer followed by Cu 2 O and CuO layers. From the I-V measurement, a pinched hysteresis loop was observed proving the resistive switching behavior of Au/ZnO-Cu 2 OCuO/Cu memristor. The largest size of hysteresis loop was obtained at 15 s deposition time with largest HRS-LRS value, 14.11 k³ and HRS/LRS ratio, 3.76.
